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Abstract 
This paper presents an experimental characterization of the quasi-static mechanical response of a TA-6V titanium alloy in sheet 
form. Monotonic tests, such as uniaxial tension and compression, plane strain and simple shear, were conducted along several 
orientations in the plane of the sheet in order to investigate the plastic anisotropy and the tension-compression asymmetry 
displayed by the material at the macroscopic scale. It was observed a moderate anisotropy in yielding while the anisotropy in r-
ratios is very pronounced. Initial yielding is described using criteria that account for both plastic anisotropy and strength 
differential effects. Comparison between experimental data and FE simulation results illustrates the ability of the model to predict 
the mechanical response of TA-6V. 
© 2012 Elsevier B.V. All rights reserved 
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1. Introduction 
Because TA-6V displays a high strength-to-weight ratio, a good corrosion resistance and it is biocompatible, it is 
widely used in various industrial sectors such as aerospace (aircraft engines and structures), medical (surgical 
implants) and luxury automotive industries (valves, connecting rods), see [1,2]. TA-6V consists of two phases 
whose volume fractions may be different depending on the thermo-mechanical treatments and interstitial content 
(mainly oxygen). The first phase, named the Ƚ-phase, is hexagonal closed-packed (hcp) while the second one, the Ⱦ-
phase, is body centered cubic (bcc). At the macroscopic scale, the material exhibits a pronounced anisotropy and 
strength asymmetry between tension and compression. Unlike most hcp metals, this asymmetry cannot be attributed 
to twinning. Indeed, although {1012 } twinning was observed at moderate strains and strain rates under monotonic 
loadings, its volume fraction is too low (less than 1%) so it cannot be the main reason for the observed strength 
differential [3]. Previous studies [4] showed the occurrence of cross-slip when c a  dislocations move on {1011} 
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planes in uniaxial compression along the c-axis while this deformation mode is not active in uniaxial tension. This 
results in asymmetry in the critical resolved shear stresses (CRSS) of c a  slip systems and thus causes the 
tension-compression asymmetry at the macroscopic scale. 
Several studies have been conducted to understand and model the mechanical behavior of TA-6V [5-9]. Because 
of a lack of macroscopic constitutive models adapted to hcp metals, constitutive laws for materials with cubic 
structure [10-13] are still used in FEM simulations of hcp metals. However, classic plasticity models (J2-flow 
theory, Hill [10]) do not capture the tension-compression asymmetry for monotonic loadings (see for instance [14]). 
Nevertheless, new incompressible plastic potentials that account for both plastic anisotropy and strength differential 
effects have recently been developed [15-17]. 
In this work, an experimental and numerical study of the quasi-static mechanical behavior of TA-6V at room 
temperature is presented. The results of a series of monotonic tests (tension, compression, plane strain, simple shear) 
are first reported. The anisotropic yield criteria CPB06 and CPB06ex3, proposed in [15,16] and which account for 
strength differential effects, are next introduced, and followed by a presentation of the procedure for the 
identification of the material parameters. Finally, the ability of the models to capture the mechanical behavior of 
TA-6V is examined by comparing the experimental data with simulation results in terms of stress-strain or force-
strain responses. 
 
Nomenclature 
 
a   degree of homogeneity 
, ,c ccC C C  orthotropic tensors 
E   error function 
f   isotropic yield function 
CPB06F   CPB06 yield function 
CPB06ex3F   CPB06ex3 yield function 
, , , , ,F G H L M N  Hill parameters 
HillF   Hill yield function 
I   second-order identity tensor 
, ,k k kc cc   strength differential parameters 
r   tensile Lankford coefficient or r-ratio 
rT   tensile r-ratio along ߠ-direction 
s   stress deviator 
1 2 3, ,s s s   eigenvalues of stress deviator 
J   shear strain 
H   axial strain 
p
lH   plastic axial strain rate 
p
wH   plastic width strain rate 
p
tH   plastic thickness strain rate 
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ı   stress tensor
V   axial stress 
TV   tensile yield stress 
0
TV   tensile yield stress along 0°-direction 
T
TV   tensile yield stress along ș-direction 
CV   compressive yield stress 
C
TV   compressive yield stress along ș-direction 
, ,c ccȈ Ȉ Ȉ  transformed tensors 
1 2 3, ,6 6 6  eigenvalues of transformed tensors 
1 2 3, ,c c c6 6 6  
1 2 3, ,cc cc cc6 6 6  
W   shear stress 
, ,i j kK K K  weight factors 
2. Experimental characterization 
2.1. Material 
The material studied is a commercial titanium alloy sheet of 0.6 mm thickness produced by TIMET (France). 
This sheet was annealed one hour at 760 °C. Its chemical composition is listed in Table 1. 
Table 1. Chemical composition of the TA-6V alloy investigated 
 Al V O N C H Fe Y Ti 
TOP 6.22 3.93 0.19 0.006 0.008 0.01 0.16 0.0004 Balance 
BOTTOM 6.27 4.00 0.20 0.006 0.009 0.0086 0.16 0.0004 Balance 
 
Optical microscopy showed that the as-received material has an average grain size of 11 μm for the Ƚ-phase and 
1 μm for the ȕ-phase, respectively. The initial texture of the material was determined by electron backscatter 
diffraction (EBSD) and X-ray diffraction (XRD), showing that the c-axes of most of the grains were distributed 
along RD and at +/-13° from the plate normal (ND) (see Fig. 1). 
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
 
Fig. 1. Initial texture of TA-6V 
2.2. Characterization of the anisotropic behavior of TA-6V in tension 
Quasi-static tensile tests were performed at room temperature at a constant strain rate of 3.10-4 s-1 using a Zwick 
100 kN machine at the University of Liege (ULg). Standard tensile specimens were cut by milling from the sheet. 
The specimens had an overall length of 299.6 mm, a gage length of 105 mm, and a gage width of 15 mm. 
To characterize the anisotropy of the material, the tensile properties were evaluated along eleven directions in the 
plane of the sheet. Each test was duplicated four times in order to check the experimental reproducibility. The 
applied force was recorded by a load cell and the longitudinal strain was measured with a Zwick Multisens Light 
extensometer. In addition, the optical measurement system Aramis® was used to determine the strain field in the 
gage zone and to compute the Lankford coefficients (r-ratio, defined as the plastic width strain divided by the plastic 
thickness strain in tension). Because the thickness change involves large relative measurement uncertainty, the 
measured axial strain ɂl and width strain ɂw were used with assumed volume constancy to infer the thickness strain 
ɂt. Thus, the Lankford coefficients were determined using the following relation: 
 
p p
w w
p p p
t l w
r H H
H H H
{  

 
  
  (1) 
 
where the superscript p refers to plastic strain, and the subscripts l, w and t refer to length, width, and thickness, 
respectively. 
The average true stress – true strain curves in the 0° direction (RD), 45° direction (DD) and 90° direction (TD) 
are shown in Fig. 2. It has to be noted that the material displays moderate in-plane anisotropy in initial yielding. In 
addition, the curves exhibit the standard concave-down appearance, i.e. steadily decreasing hardening rate. 
 
 
Fig. 2. Uniaxial tensile tests results along RD, DD and TD, respectively. 
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2.3. Characterization of the anisotropic behavior of TA-6V in compression 
In order to investigate the influence of the loading orientation on the mechanical response and quantify the 
tension-compression asymmetry of TA-6V, additional tension and compression tests were conducted at Tokyo 
University of Agriculture and Technology (TUAT), using the test method and the comb-shaped dies apparatus 
developed by [19,20]. Tensile and compressive tests were carried out in three in-plane orientations, namely in the 
rolling (RD), 45° (DD) and transverse (TD) directions, respectively. Each test was repeated three times. The average 
experimental curves along RD, DD and TD are shown in Fig. 3. Comparison between the tensile and compressive 
response in each of these loading directions shows that TA-6V displays tension-compression asymmetry both in 
yielding and hardening. It has also to be noted that the curves in tension obtained at TUAT are different than that 
determined at ULg. Several reasons for this discrepancy may be given. First, the experimental tests from ULg were 
carried out at a constant strain rate (0.0003 s-1), whereas the device used at TUAT only allowed to keep the mean 
strain rate nearly constant. Thus, the observed discrepancy may be attributed to the strain rate sensitivity of the 
material. It may also be related to ageing of the alloy, the difference in experimental setup and specimen geometry 
or the position of the samples with respect to the width direction of the sheet. More details concerning the 
experimental procedures can be found in [18]. 
 
 
Fig. 3. Uniaxial test results in RD, DD and TD showing the material’s anisotropy in tension and compression, respectively. 
2.4. Characterization of the anisotropic behavior of TA-6V in plane strain and simple shear 
The plane strain and the simple shear tests were carried out using a biaxial machine, which was developed and 
validated at the Materials and Structures Mechanics Laboratory of ULg [21]. The device includes a vertical and a 
horizontal actuators (denoted V1 and V2 in Fig. 4, respectively) which can be controlled either in force or in 
displacement (see Fig. 4). 
 
 
V1 
V2 
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Fig. 4. Experimental device for the plane strain and simple shear tests (the yellow arrows indicate the displacement of the actuators). 
The geometry and the dimensions of the specimens are shown in Fig. 5. The plane strain (respectively simple 
shear) tests were performed by moving the vertical actuator V1 (respectively the horizontal actuator V2) with a 
constant speed (5.10-3 mm/s) while the horizontal actuator V2 (respectively the vertical actuator V1) was maintained 
fixed. Three in-plane loading directions (RD, DD, TD) were considered and each test was repeated four times. A 
stochastic pattern was painted on the sample’s surface in order to measure the strain field of the gage zone with 
Aramis® system. 
 
   
Fig. 5. Geometry and dimensions of the specimens for plane strain tests (at the left) and simple shear tests (at the right). 
Fig. 6 shows the average stress-strain curves along RD, DD and TD respectively in plane strain and in simple 
shear. Given the non-homogeneity of the strain field which is associated to edge effects, a methodology similar to 
that proposed in [22] was used to compute the response for plane strain conditions. It has to be noted that, only one 
component of the stress tensor, namely the normal stress along the loading direction, can be determined.  
The experimental data indicate that in plane strain and in simple shear the material displays a moderate 
anisotropy in yielding while the hardening behavior is almost the same in each orientation.  
 
 
Fig. 6. Plane strain and simple shear tests results along RD, DD and TD, respectively 
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3. Anisotropic yield criteria 
An isotropic pressure-insensitive yield criterion that accounts for the strength differential (SD) effects between 
tension and compression due to either deformation twinning or non-Schmid effects at single crystal level was 
proposed in [15]. This criterion is defined as: 
 
       1 2 3 1 1 2 2 3 3, , , , a a af s s s k a s ks s ks s ks       (2) 
 
where s1, s2 and s3 are the principal values of the stress deviator s =ɐ– (1/3)tr(s)I with I denoting the second-order 
identity tensor and “tr” being the trace operator (tr(ɐ) = ɐkk, k = 1…3) while a is an integer denoting the degree of 
homogeneity and k is a parameter. The parameter k may be determined from experimental yield stresses in tension 
(ɐT) and in compression (ɐC): 
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Note that if a material has the same response in tension and compression, k = 0.  
In order to describe simultaneously anisotropy and strength differential effects, the isotropic criterion given by 
Eq. (2) was further extended to orthotropy by means of a fourth-order symmetric and orthotropic tensor C.  
Transformed tensors are defined as: 
 
: Ȉ C s   (5) 
 
where “:” denotes the double contracted product between a 4th order tensor and a 2nd order tensor: (C:s)ij = Cijklskl. 
The anisotropic yield criterion, called CPB06, is obtained by substituting the principal values of the stress deviator 
s1, s2 and s3 with the principal values Ȉ1, Ȉ2, Ȉ3 of the transformed tensor Ȉ: 
 
       CPB06 1 2 3 1 1 2 2 3 3, , , , a a aF f k a k k k 6 6 6  6  6  6  6  6  6  (6) 
 
The CPB06 orthotropic yield criterion was shown to describe with accuracy the yield loci of different hcp metals, 
especially magnesium [15] and titanium alloys [6]. Recently, [16] proposed to incorporate into the isotropic criterion 
additional linear transformations in order to improve the representation of the anisotropy. For instance, three linear 
transformations can be considered and the resulting anisotropic yield criterion, called CPB06ex3, is of the form: 
 
     CPB06ex3 1 2 3 1 2 3 1 2 3, , , , , , , , , , , ,F f k a f k a f k ac c c c cc cc cc cc 6 6 6  6 6 6  6 6 6  (7) 
107 G.Gilles et al. /  Procedia IUTAM  3 ( 2012 )  100 – 114 
 
where k, k’, k” are material parameters describing the strength differential effects, a is the degree of homogeneity, 
while (Ȉ1, Ȉ2, Ȉ3), (Ȉ’1, Ȉ’2, Ȉ’3) and (Ȉ”1, Ȉ”2, Ȉ”3) are the eigenvalues of the following transformed tensors, 
respectively: 
 
: ,   :    and   :c c cc cc   Ȉ C s Ȉ C s Ȉ C s   (8) 
 
The fourth-order tensors C, C’ and C” are symmetric and orthotropic. Note that the anisotropic yield criterion 
CPB06 is recovered when C = C’ = C” and k = k’ = k”. 
4. Application to TA-6V 
4.1. Identification of the parameters of CPB06 yield criterion for TA-6V 
CPB06 model was used in this study to describe the anisotropy and asymmetry in yielding of TA-6V titanium 
alloy. The first step consists in identifying the anisotropy coefficients and strength differential parameters involved 
in the yield criterion. For 3D stress and orthotropic symmetry, the tensor C has nine non-zero components in the 
(x,y,z) axes system associated to orthotropy, which for the titanium sheet are the RD, TD and ND respectively. The 
tensor C is  represented as (Voigt notations): 
 
 
11 12 13
12 22 23
13 23 33
44
55
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Since the yield function is homogeneous of degree one in its arguments, replacing Cij by DCij, D being any 
positive number, does not change the value of the effective stress according to the respective criterion. Hence it can 
be taken C11 = 1. In addition, the degree of homogeneity a is maintained fixed (a = 2). The remaining coefficients Cij 
(i, j = 1,2,3), the shear coefficient C66 and the SD parameter k are determined by minimizing the following error 
function: 
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In the above equation, TTV , CTV  and rT  are respectively the tensile yield stress, the compressive yield stress and the 
r-ratio associated to the loading direction Ʌ. The subscripts i, j, k represent respectively the number of experimental 
normalized tensile yield stresses (from ULg), compressive yield stresses (from TUAT) and r-ratios (from ULg) 
considered in the identification, namely the data obtained in RD, DD and TD, while the superscripts “th” and “exp” 
indicate whether the corresponding value is theoretical or experimental. The parameters Și, Șj, Șk are weight factors. 
In this study, they were fixed to Și = Șj = Șk = 1. The identification of the parameters was achieved by using the 
classical simulated annealing method, described in details in [18].  
An initial guess must be provided to start the optimization process. The SD parameter k was first assessed by 
using Eq. (3) and (4) as well as the experimental tensile and compressive yield stresses along RD, DD and TD. An 
average value k  was next computed and chosen as initial guess, whereas a standard deviation k'  was used to 
define a lower and an upper boundaries, respectively k k'  and k k ' . Concerning the anisotropy coefficients, 
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the initial guesses were Cij = 1 when i = j and Cij = 0 when i  j, while the allowable solutions were maintained in 
the range [-5,5]. 
The values found for the material parameters for the TA-6V sheet studied are given in Table 2. For comparison 
purposes, Hill criterion [10] was also applied to TA-6V. With respect to the orthtotropy axes (RD = 1, TD = 2, 
ND = 3), Hill orthotropic yield criterion is written as: 
 
     2 2 2 2 2 2Hill 22 33 33 11 11 22 23 13 12
1 2 2 2
2
F F G H L M NV V V V V V V V Vª º        ¬ ¼  (11) 
 
where the coefficients F, G, H, L, M and N are material constants. The in-plane anisotropy coefficients were 
calculated using only experimental r-values. The numerical values for TA-6V are: F = 0.4803, G = 0.9337, 
H = 1.0663, N = 3.9804. 
Table 2. Yield function CPB06 coefficients for TA-6V using experimental data in tension and compression along RD, 45° and TD. 
k  11C  12C  13C  22C  23C  33C  66C  
-0.1100 1.0 4.4320 2.0107 1.5177 0.8842 3.8670 -3.8613 
2a          
4.2. Results 
Fig. 7 shows the biaxial plane projections (ɐ3 = 0) of the yield loci for TA-6V according to Hill [10] and CPB06 
in comparison with the experimental yield stresses corresponding to the onset of plasticity. As expected, CPB06 
criterion captures the material’s tension-compression asymmetry. Nevertheless the initial yielding in plane strain is 
overestimated by both criteria. 
 
 
Fig. 7. Theoretical yield loci according to Hill (1948) and CPB06 yield criteria in comparison with experimental flow stresses (symbols). 
Fig. 8 shows respectively the anisotropy of the tensile yield stresses and r-ratios, and compressive yield stresses 
according to Hill [10] and CPB06, in comparison with the experimental data. It can be noticed that, although a loss 
in accuracy is observed in tension, clear improvements in the description of the material’s anisotropy are obtained 
on the whole with CPB06 criterion, especially in compression. 
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Fig. 8. Anisotropy in tensile yield stresses, in tensile r-ratios and in compressive yield stresses for TA-6V according to Hill (1948) and CPB06 
criteria, in comparison with experimental data. 
4.3. Comparison with CPB06ex3 yield criterion 
The identification of the material parameters for TA-6V using CPB06ex3 and all the available experimental data 
in tension (yield stresses and r-ratios along eleven loading directions) and in compression (yield stresses along RD, 
DD and TD) was performed by [18]. Fig. 9 compares the identified theoretical yield locus according to CPB06ex3 
criterion with the experimental results and the yield locus according to CPB06 identified in Section 4.2, while Fig. 
10 shows respectively the anisotropy of the tensile yield stresses and r-ratios, and compressive yield stresses 
according to CPB06 and CPB06ex3, in comparison with the experimental data. It has to be noted that, by 
considering three linear transformations, improvements in accuracy and flexibility are gained.  
 
 
Fig. 9. Theoretical yield loci according to CPB06 and CPB06ex3 yield criteria in comparison with experimental flow stresses (symbols). 
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Fig. 10. Anisotropy in tensile yield stresses, in tensile r-ratios and in compressive yield stresses for TA-6V according to CPB06 and CPB06ex3 
criteria, in comparison with experimental data. 
In order to test the ability of identified CPB06 and CPB06ex3 to capture the response of the material, simulations 
of tensile, compressive, plane strain and simple shear tests were performed with the implicit nonlinear finite element 
code Lagamine developed by the ArGEnCo department (ULg). The tensile and compressive tests were simulated by 
using a single BWD3D element (8-node 3D brick element with a mixed formulation and one integration point, see 
[23]). For plane strain and simple shear simulations, the mesh and the boundary conditions are shown in Fig. 11 and 
Fig. 12, respectively. Note that only a quarter of the gage zone is modeled in the case of plane strain. Voce’s 
isotropic hardening model, fitted on the stress-strain curve in tension along RD, was used in each simulation.  
 
 
Fig. 11. Mesh and boundary conditions used to simulate the plane strain tests (only a quarter of the gage zone is modelled). 
 
Fig. 12. Mesh and boundary conditions used to simulate the simple shear tests. 
The simulated normal stresses in RD, DD and TD versus the longitudinal strain for both tension and compression 
according to CPB06 and CPB06ex3 yield criteria are compared to the experimental results in Fig. 13 and Fig. 14, 
while Fig. 15 and Fig. 16 present the simulated force versus the strain at the center of the gage zone in RD according 
to both formulations along with the plane strain and simple shear data, respectively. It can be observed that 
CPB06ex3 reproduces better the mechanical response of the material than CPB06. Nevertheless the latter provides 
pretty good results. 
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Fig. 13. Comparison between experimental and simulated true stress – true strain curves in tension for several loading directions according to 
CPB06 and CPB06ex3 criteria. 
 
 
Fig. 14. Comparison between experimental and simulated true stress – true strain curves in compression for several loading directions according 
to CPB06 and CPB06ex3 criteria. 
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Fig. 15. Comparison between experimental and simulated force – strain curves in plane strain test along RD according to CPB06 and CPB06ex3 
criteria. 
 
Fig. 16. Comparison between experimental and simulated force – strain curves in simple shear test along RD according to CPB06 and CPB06ex3 
criteria. 
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5. Summary and conclusions 
A series of experimental tests were carried out in order to characterize the deformation of TA-6V under quasi-
static loading conditions at room temperature. The plastic anisotropy was quantified by conducting tensile tests in 
eleven in-plane orientations, and compression, plane strain, and simple shear tests along three in-plane directions. It 
was observed that the material displays a moderate anisotropy in yielding while the anisotropy in r-ratios is very 
strong as shown in Fig. 8 or Fig. 10. In addition, compression tests revealed that TA-6V exhibits tension-
compression asymmetry in yielding and hardening.  
To simulate the response of the material, both CPB06 and CPB06ex3 yield criteria were used in conjunction with 
isotropic hardening. It was shown that CPB06ex3 captures very well the main features of the observed behavior, 
with the exception of plane strain loadings. Nevertheless, CPB06 shows good results although it involves only one 
more parameter than Hill (1948). In order to describe hardening anisotropy induced by cyclic loadings and, more 
generally, the hardening anisotropy due to strain path changes, it is intended to introduce additional internal 
variables in the formulation. 
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